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Abstract The electromechanical behavior of poly(vinylidene ﬂuoride-triﬂuoroethylene) [P(VDF
-TrFE)] ferroelectric thin ﬁlm was investigated using the three dimensional (3D) phase-ﬁeld method.
Various energetic contributions, including elastic, electrostatic, and domain wall energy were taken
into account in the variational functional of the phase ﬁeld model. Evolution of the microscopic
domain structures of P (VDF-TrFE) polymer ﬁlm was simulated. Eﬀects of the in-plane residual
stress, the ﬁlm thickness and externally applied electric bias ﬁeld on the electromechanical properties
of the ﬁlm were explored. The obtained numerical results showed that the macroscopic responses
of the electric hysteresis loops are sensitive to the residual stress and electric bias ﬁeld. It was also
found that thickness has a great eﬀect on the electric hysteresis loops and remanent polarization.
c© 2011 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1101108]
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Polyvinylidene ﬂuoride (PVDF) and its copolymers
with triﬂuoroethylene (TrFE) exhibit paraelectric to
ferroelectric transition like the traditional peroviskite-
type ferroelectric materials. These polymers have large
energy density, promising thermoelectric and giant elec-
tromechanical properties, which render them attrac-
tive for applications in memory, sensors and devices.[1]
Many of these applications rely upon the ability of the
polarization switching upon an external electric ﬁeld.
Polarization switching in perovskite ferroelectric ma-
terials thin ﬁlm has been widely studied. Based on
phase ﬁeld method, there are several studies on the
spontaneous polarization and polarization switching of
the traditional ferroelectric thin ﬁlms.[2–5] Although the
Ginzburg-Landau phenomenological models have been
used to explain the eﬀects of internal strains on the
properties of perovskite-type ferroelectric thin ﬁlms,
they were rarely used for studying ferroelectric poly-
mers. A mutual understanding of the properties of
these ferroelectric polymer thin ﬁlms is essential to ful-
ﬁll their applications with improved design. There are
a number of experimental and theoretical studies on
the polarization switching and mechanical properties of
ferroelectric polymer ﬁlm. Ducharme et al.[6] used the
Landau theory to calculate the intrinsic coercive ﬁeld of
P(VDF-TrFE), but didn’t consider the inﬂuence of the
gradient energy and microstructure of the ﬁlm. How-
ever the gradient energy is important for deriving a do-
main to grow into domain walls. Ahluwalia et al.[7] used
the molecular dynamics method (MD) to calculate the
phenomenological parameters and used these data to
infer the intrinsic coercive ﬁeld of P(VDF-TrFE) by a
time-dependence Ginzburg-Landau model. The eﬀect
of the initial stress and the ﬁlm thickness was not taken
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into account. Liu et al.[8] used the Landau-Devonshire
phenomenological model to investigate the eﬀect of in-
plane mismatch strain on the dielectric and hydroelec-
tric response of ferroelectric polymers. In this paper,
we present a three dimension study on the phase transi-
tion and permittivity of ferroelectric copolymer P(VDF-
TrFE) 70:30 ﬁlm under in-plane misﬁt strain by using
the Ginzburg-Landau theory.
In the calculations, the in-plane strain from mis-
match dislocation between the ﬁlm and substrate was
taken into account and was deemed to be uniform.
The mismatch induced in-plane residual stresses are as-
sumed to σ1 = σ2 = σ with other stresses being zero.
Under this assumption, the coupling free energy F be-
tween the out-of-plane polarization and in-plane stresses
can be expressed as
F = F0 + α1P
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where F0 is the energy for the paraelectric phase, Pz is
the polarization parallel to the z-direction, α1, α11 and
α111 are the dielectric coeﬃcients, s11 and s12 are the
elastic compliance constants, Q12 is the electrostrictive
constant, the gradient coeﬃcients, G11, G44 and G
′
44 are
related to the energies to develop polarization gradients
in the transverse direction and along the chain, and Eext
is the external electric ﬁeld, respectively. The tempera-
ture dependence of ferroelectrics is mainly governed by
the dielectric stiﬀness coeﬃcient α1 = α0(T − T0) since
the higher order coeﬃcients, α11and α111 may be taken
as temperature independent parameters, where T0 is the
Curie-Weiss temperature. The depolarization ﬁeld Edep
along the z axis during the domain formation of ferro-
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Table 1. The normalized coeﬃcients of Eq. (1) used in the simulation.
α∗1 α
∗
11 α
∗
111 Q
∗
12 S
∗
11 S
∗
12 G
∗
11 G
∗
44 G
′∗
44
−1.0 −0.3663 0.7479 0.3075 0.1066 −0.0436 0.50 0.25 0.25
electric thin ﬁlms was considered and is expressed as
Edep = −0.5 (Pz− < Pz >) /ε0κ, (2)
where < Pz >=
1
h
∫
Ω
Pzdz denotes the mean polariza-
tion along the z axis, κ is the dielectric constant in
the electrode substrate, and h is the thickness of the
ﬁlm, respectively.[9] The polarization is inhomogeneous
across the thickness direction of ferroelectric thin ﬁlms,
owing to the surface- and interface-induced suppression
of polarization. Therefore, this intrinsic phenomenon
is taken into consideration through the boundary layer
polarizations,[3] which are characterized by the extrap-
olation length δ(
∂Pz
∂z
)
z=0
=
Pz=0
δ
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(
∂Pz
∂z
)
z=h
= −Pz=h
δ
,
(3)
where δ is positive to imply that the boundary polar-
izations are smaller than the values in the interior part.
According to the analysis of Scoot,[10] δ was taken to
be 3.0 in the following simulations.
In the simulations, we used 64×64×8 discrete grid
points with a non-dimensional cell size of Δx∗ = Δy∗ =
1 and adopted periodic boundary conditions in both x
and y directions for the ﬁlm. In order to study the
thickness eﬀect on the spontaneous polarization and
polarization switching, we changed the Δz∗ to get dif-
ferent thicknesses along the z direction. In order to
reach a stable phase, the equilibrium states under dif-
ferent strains and temperatures were derived by mini-
mizing the modiﬁed thermodynamic potential. The ﬁ-
nite diﬀerences method was employed to solve the time-
dependent Ginzburg–Landau equation as follows
∂Pz
∂t
= −L ∂F
∂Pz
. (4)
In the calculations, the values of coeﬃcients in
Eq. (1) for P(VDF-TrFE) thin ﬁlm are listed in Table
1, where superscript * stands for non-dimensional quan-
tities. The dimensionless variables were adopted from
Ref. [3] and the parameter values of P(VDF-TrFE) used
to simulate the misﬁt stress eﬀect on the polarization
were adopted from Ref. [7].
Figure 1 shows the temporal evolution of domain
structure without applied electrical and mechanical
loading. At the beginning, a Gaussian random ﬂuc-
tuation was introduced to initiate the polarization evo-
lution process as show Fig. 1(a). After 50 steps, the
polarization is still in the nucleation state, as shown in
Fig. 1(b). Figure 1(c) illustrates the polarization dis-
tribution after 500 steps of evolution, indicating the
Fig. 1. Temporal evolution of the domain structure of the
P(VDF-TrFE) ﬁlm with a thickness of 8 nm at various time
steps: (a) 0 step, (b) 50 steps, (c) 500 steps and (d) 10 000
steps.
Fig. 2. Spontaneous polarization of ferroelectric polymer
P(VDF-TrFE) ﬁlm under diﬀerent thickness.
growing of domains. The spontaneous polarization is
a nucleation state and a domain growth. After 10 000
steps of evolution, the domain structure becomes sta-
ble and no longer changes with time. Evidently, 180◦
domain walls exist in the simulations.
Figure 2 shows the spontaneous polarization of the
P(VDF-TrFE) ﬁlm with diﬀerent thicknesses. The mag-
nitude of spontaneous polarization is found to increase
with the ﬁlm thickness increasing. For ﬁlms with thick-
ness below a critical value, their polarization becomes
zero, a feature similar to that reported in Ref. [11].
In order to characterize the nonlinear behavior of
ferroelectric materials, we simulated the polarization
and strain responses to electric loading with the pe-
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Fig. 3. (a) Simulated hysteresis loop of macroscopic polarization versus electric ﬁeld; (b) Domain structures corroding to
the states b1-b4 marked in the simulated hysteresis loop in (a).
Fig. 4. (a)Simulated hysteresis loop of macroscopic polarization versus electric ﬁeld without residual stress; (b) inﬂuence
of thickness on the remanent polarization in hysteresis loops.
riodic boundary conditions and the ﬁxed dimensions of
the simulated region. Figure 3(a) shows the simulated
hysteresis loop of macroscopic polarization versus the
external electric ﬁeld without residual stress. Fig. 3(b)
shows the domain pattern according to the states (a) —
(d) labeled in Fig. 3(a). It is seen from Figs. 3(b)(b1)
that there are two diﬀerent polarizations, i.e., polariza-
tion along the positive direction and negative direction,
indicating the existence of a 180◦ domain wall. When
the applied electric ﬁeld reaches a maximum value, the
domain wall and the polarization along the negative
direction disappeared, giving rise to a mono-domain
state. With the applied electric ﬁeld decreasing, the
magnitude of polarization decreases. Figures. 3(b)(b2-
b4) show that when the applied electric ﬁeld reaches the
coercive ﬁeld in the converse direction, the polarization
along the thickness direction does not switch completely
and forms a layer like a polarization structure. When
the applied electric ﬁeld is decreased further, the polar-
ization along the negative direction begins growing until
it reaches a mono-domain having the same polarization
in the ﬁlm without the surface and interface.
Figure 4(a) shows the predicted hysteresis loops for
ﬁlms with selected thicknesses of 2, 4, 6, ..., 16 nm. It
is seen that even for thin ﬁlm with a thickness of 2 nm
there still exists hysteresis loop (though the remanent
polarization and the coercive ﬁeld are small). The ef-
fect of the ﬁlm thickness on the remanent polarization
is summarized in Fig. 4(b) for three diﬀerent residual
stresses. From the Fig. 4(b) we can see that the re-
manent polarization increases rapidly below the thick-
ness of 6 nm and increases smoothly when beyond this
thickness. For even greater thicknesses, the remanent
polarization gradually approaches an asymptotic value
for a given residual stress.
Figure 5 shows the inﬂuence of residual stress on
the hysteresis loops. Five normalized external residual
stresses are considered. It can be seen from the hystere-
sis loops that tensile residual stress leads to an increase
of the maximum polarization and coercive ﬁeld while
compressive residual stress decreases the coercive ﬁeld
and remanent polarization. Moreover, when the magni-
tude of the compressive residual stress is large enough, it
can completely suppress the hysteresis response. This
ﬁnding is consistent with the hysteresis and butterﬂy
loops subjected to electromechanical coupled loading re-
sults of Soh et al..[13]
Three dimensional phase ﬁeld simulations were car-
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Fig. 5. (a)Inﬂuence of residual stress on the hysteresis loops;(b) inﬂuence of residual stress on the remanent polarization in
hysteresis loops
ried out to study the polarization switching and do-
main evolution of ferroelectric polymer P(VDF-TrFE)
thin ﬁlm with diﬀerent thicknesses. The eﬀect of resid-
ual stress was also considered. The ﬁlm thickness is
found to have signiﬁcant eﬀect on the domain structures
and hysteresis loop: with increasing ﬁlm thickness, the
spontaneous polarization and remanent polarization in-
crease. Moreover, the tensile residual stress is found
to enhance hysteresis response while compressive resid-
ual stress can decrease or even completely suppress the
hysteresis behavior. The phase ﬁeld simulations are ex-
pected to provide insight into the understanding of do-
main structures evolution and the ferroelectric polymer
ﬁlm macroscopic properties with diﬀerent thicknesses.
The author(s) noted at the proof-reading stage that a
similar study was conducted by Wang.[13] They showed
that for a diﬀerent material the eﬀect of misﬁt strain is
diﬀerent.
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